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Abstract

The PISA (PIle Soil Analysis) research project resulted in a proposal for a new
design methodology for monopile foundations of offshore wind. This paper
demonstrates the capabilities of a new application called MoDeTo (Monopile
Design Tool), developed as a satellite tool of the Finite Element (FE) software
PLAXIS. PISA primary results are integrated into the monopile design process,
enhancing the conventional ‘p-y’ design approach for laterally loaded monopiles
with a low length-over-diameter ratio. Both ‘rule-based design’ and ‘numerical-
based design’ approaches are incorporated in the tool. Three-dimensional (3D) FE
models, with advanced soil constitutive models, are used to calibrate the non-linear
soil reaction curves within the required design space. The soil reaction curves are
normalised and parameterised to generate the so-called depth variation functions.
The latter are site and geometry specific. They are used in a one-dimensional (1D)
modelling framework for the final design. Idealised clay and sand soil profiles are
employed for the verification of the design tool.

Keywords: PISA, MoDeTo, PLAXIS, offshore wind, monopile foundation,
design method, numerical modelling

1 Introduction

Offshore wind is a viable option to replace (most of) conventional sources of
energy in the near future. However, until recent years, the Levelised Cost of
Energy (LCoE) of offshore wind was too high and offshore wind could not survive
without governmental subsidies. Several initiatives were taken to lower the LCoE
of offshore wind energy. Based on promising results from such initiatives, tender
bid prices for offshore wind farms dramatically decreased from 2015 to 2016 and
later well below the magic 100 € MWh (Vree & Verkaik 2017). Although this
saves governments and taxpayers a significant amount of money, the cost
reductions still need to be effectively materialised.

One of the initiatives is the PISA (Plle Soil Analysis) project; a research project
run through the Carbon Trust’s Wind Accelerator Programme in the United
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Kingdom (Byrne et al. 2017). Purpose of the project was to develop a new design
methodology for monopiles as foundation elements for offshore wind turbines.
The research has resulted in a new design method based on a series of three-
dimensional (3D) Finite Element (FE) calculations that provide the input for the
calibration and optimisation of the so-called soil reaction curves. Subsequently,
the latter can be used in combination with a one-dimensional (1D) Timoshenko
beam model to simulate monopiles under lateral loading conditions quickly. The
new design method has been validated based on the results of a series of field tests.
The outcome of the PISA research project forms the basis of the innovative design
methodology as implemented in a software tool called MoDeTo (Monopile Design
Tool). The method has major advantages over the conventional pile design method
following the current offshore design standards (API 2010, DNVGL-ST-0126
2016) based on ‘p-y’ curves (Byrne et al. 2017).

This article outlines the PISA design philosophy and its fundamental technical
aspects as considered in MoDeTo. The verification of the new design method in
clay and sand soil profiles is presented. The results are discussed, followed by
conclusions.

2 Design philosophy

Monopiles are tubular offshore foundation piles with a relatively small length-
over-diameter (L/D) ratio. Therefore, monopiles behave differently than slender
piles. The conventional API/DNV design guidelines were originally developed for
slender piles.

One of the outcomes of the PISA research project is that monopiles trigger, besides
the lateral soil reaction, additional soil reaction components under lateral loading
as a result of the small L/D ratio. If a monopile rotates as a result of lateral loading,
it also translates vertically against the soil in the front of the pile (downward) and
at the back (upward), thereby causing additional shear components compared to
slender piles (Fig. 1). Moreover, the lateral displacement and the rotation at the
pile base provide additional lateral shear and moment resistance (Fig. 1). These
extra components yield additional stiffness and bearing capacity to the monopile
as a whole.

All components mentioned above can be obtained from 3D FE simulations in
which the small-strain stiffness of the soil (among other features) is appropriately
represented by using advanced soil constitutive models. However, 3D FE
calculations are time-consuming and computationally-expensive to do the
optimisation in the actual design process. Therefore, it is the idea, before starting
the actual design process, to use the 3D FE calculations to calibrate the soil
reactions and consequently use them in a simplified and fast 1D model analysis to
perform the monopile design. This is termed the ‘numerical-based design’ method.
If for specific site soil conditions and range of monopile geometries, existing (pre-



Panagoulias, Hosseini, Brinkgreve 237

calibrated) soil reactions are available, the 3D FE calculations can be omitted, and
the monopile design can be directly performed using the quick 1D model analyses.
This 1s termed the ‘rule-based design’ method.
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Fig. 1: Soil interaction components around a monopile (after Byrne et al. 2017)

2.1 Numerical-based design in MoDeTo

The ‘numerical-based design’ starts with a series of 3D FE calculations covering
the ‘design space’ of the monopile geometries to be studied. Since a design
engineer may use preliminary checks and calculations to estimate the dimensions
of the monopile in given site soil conditions, the design space may be spanned by
varying only a few geometric parameters (embedment length, diameter, wall
thickness) to define a number of design scenarios. Based on these few parameters,
full 3D FE models can be automatically generated and calculated in PLAXIS 3D
using its scripting interface and the soil reactions can be automatically extracted
from the 3D FE results.

According to the PISA design method, the 3D FE results are used to calibrate the
parameters of the so-called normalised and parameterised soil reaction curves.
There are four types of such curves: one for the distributed lateral reaction along
the shaft; one for the distributed moment along the shaft resulting from the shear
stresses; one for the shear force at the base and one for the bending moment at the
bottom. Each of the four curves is normalised, based on geometrical and soil
parameters, and then characterised by four fitting parameters. The variation of the
sixteen parameters over depth may be described by pre-defined mathematical
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functions. Hence, it is the depth variation functions (dvf) of the parameters of the
soil reaction curves that are optimised based on the results of the 3D FEM models.

Once the depth variation functions are obtained, they can be used in a 1D FE model
(Sec. 3). The monopile design may be optimised using the 1D model, provided
that the geometric dimensions are within the design space that was used to calibrate
the soil reaction curves.

2.2 Rule-based design in MoDeTo

The ‘rule-based design’ method, can be regarded as the latter part of the entire
process, provided that existing soil reaction curves are available for the soil
conditions and design space under consideration. Over time, when multiple
projects will have been analysed for different ground profiles, a library of soil
reactions will be available for the design of the monopiles.

In addition, since soil reaction curves are used in a normalised form, and their
parameters are defined as a function of depth (dvf), their applicability may be quite
broad. The same normalised soil reaction curves can be used in different situations
(soil profiles), provided that the type of soil is similar and they are used within the
design space for which they have been originally calibrated.

After selection of the soil reaction curves, the geometric optimisation of the
monopile can be performed by analysing the pile response under the given loading
conditions. These loading conditions may involve a horizontal force and a bending
moment at a particular height (4) above the ground level. The geometric
dimensions involve the embedded pile length L, diameter D and wall thickness .
The latter can vary over the pile length by defining different pile sections with
different thickness.

The results of the 1D analysis include load-lateral deflection and moment-rotation
curves at seabed level, lateral displacement, cross-section rotation, bending
moment and shear force over the pile length and lateral soil reactions along and
moment soil reactions along the pile length and at the pile base

3 1D FE model

In the 1D FE model, Timoshenko beam elements are used to model the monopile.
The relatively small L/D ratio of the monopiles implies the necessity to capture the
shear deformability of the pile. Therefore, the Timoshenko beam element is used
in the 1D modelling of the pile. A two-noded beam element with five degrees of
freedom (two lateral displacements, two rotations and one shear strain) is
employed (Astley 1992). A constant shear strain is considered at the element level.
This is combined with a set of cubic Hermitian shape functions for the numerical
integration, resulting in accurate and locking free beam elements.
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The soil reactions are modelled as a set of nonlinear springs. In total four soil
reaction components are considered. Namely, the distributed lateral force and the
distributed moment soil reaction along the shaft, and the reaction force and the
reaction moment at the base of the pile. Each of these soil reaction components
contributes to the stiffness and the internal force vector of the system. The
contributions of the distributed reaction components along the shaft are integrated
over each two-noded beam element. The contributions of the base reactions are
directly added to the stiffness and the internal force of the base node.

4 Verification

The present section discusses the verification of the Numerical-based design in
MoDeTo. Two idealised soil profiles, one for dense sand (Sec. 4.2) and one for
normally consolidated clay (Sec. 4.3) are used as verification cases.

4.1 Numerical models

For each one of the verification cases, eight 3D FE models were employed in
PLAXIS 3D (2017 version). The selected geometrical parameters span an
adequately wide design space. Tab. 1 presents the adopted monopile geometries of
the eight calibration models (CM), in which L is the embedded length of the pile,
D the outer diameter, ¢ the thickness of the plate and /4 the monopile height above
the seabed.

An additional 3D FE calculation is conducted for the final design case (DC). This
model is not included in the calibration process. The selected geometry falls within
the adopted design space (Fig. 2). The selected geometrical parameters are
presented in Tab. 1. The results of this 3D calculation will be used to verify the 1D
model (Sec. 4.3) after the calibration process has been completed.

The finite element mesh consists of 10-noded (quadratic) tetrahedral finite
elements (Brinkgreve et al. 2017). For all models, about 5500 mesh elements are
employed. The area surrounding the monopile and the bottom are further refined
to improve the accuracy of the results. Fig. 3 displays the adopted finite element
mesh for the CM1, which may be regarded as a typical example of all the 3D
models. In all cases, half the model is considered, taking advantage of the model
symmetry.

The monopile is modelled with 5-noded plate elements, based on Mindlin’s theory
(Bathe 2014). Typical steel material properties are assigned to the plate elements.
Young’s modulus is selected equal to 210 GPa, and Poisson’s ratio equals 0.3. The
monopile elements are weightless to avoid any stress disturbance in the vicinity of
the pile after it is wished in place. Interface elements are used on the outer side of
the pile and at the bottom to model the pile-soil interaction. The interface elements
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allow for slipping between the soil elements and the plate elements, and gap
opening at the rear side of the pile.

Tab. 1: Monopile geometries for the eights CM and the final DC

3DFEmodel |L(m) | D@m)|t(m)|h@m)|L/D@E | WL | Dite)
CM1 200 | 5.0 | 0.05 | 200 | 4.0 1.0 | 100.0
CM2 250 | 50 | 005|750 | 5.0 3.0 | 100.0
CM3 250 | 80 | 008 | 750 | 3.125 | 3.0 | 100.0
CM4 350 | 8.0 | 008|350 | 4375 | 1.0 | 100.0
CM5 200 | 5.0 | 0.05| 600 | 4.0 3.0 | 100.0
CM6 250 | 50 | 005|250 | 50 1.0 | 100.0
CM7 250 | 80 | 008|250 | 3.125 | 1.0 | 100.0
CMS 350 | 80 | 008 | 1050 4375 | 3.0 | 100.0
DC 28.0 | 70 | 007 | 560 | 4.0 2.0 | 100.0
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Fig. 2: The design space of the eight CM against the DC
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Fig. 3: Model geometry and finite element mesh for the CM1

4.2 Idealised clay profile

A uniform and homogeneous idealised clay soil profile is adopted. The NGI-ADP
constitutive model (Andresen & Jostad 1999) is used for the numerical analyses in
PLAXIS 3D. The NGI-ADP model can be used for bearing capacity and soil-
structure interaction analyses, related to undrained loading of clay. It supports
input parameters for three different stress paths concerning the developed
undrained shear strength, namely active, passive and direct simple shear.

Undrained soil conditions are assumed for the numerical analyses in clay. The clay
1s assumed normally-consolidated, and the saturated unit weight equals 18.0
kN/m?. The active plane-strain undrained shear strength (s,%) varies linearly with
depth (z) as it is given by Eq. 1. Strength anisotropy is taken into account, and the
adopted ratios between the active, passive and direct simple shear strength are
given in Tab. 2. The NGI-ADP model is originally formulated based on the
unloading/reloading shear modulus (G.). However, in the present research, the
value of the small strain shear modulus (Gy) is used instead. A fixed ratio is
assumed between the parameters s, and Gy, given by Eq. 2. Tab. 2 presents the
selected values for the rest of the parameters of the NGI-ADP model.

s =50.0+50-z (1)

Go/sA = 200.0 )
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Tab. 2: Material parameters for the NGI-ADP model

Material parameter Symbol | Unit Value
Shear strain at failure in triaxial compression i€ % 5.0
Shear strain at failure in triaxial extension a % 10.0
Shear strain at failure in direct simple shear PSS % 7.5
Passive over active shear strength suf /s - 0.5
Direct simple shear over active shear strength | s,°5%/s,* - 0.75
Initial mobilization of shear stress To/su - 0.0

4.3 Idealised sand profile

The idealised sand soil profile is uniform and homogeneous as well. The
Hardening Soil with small strain stiffness (HSsmall) constitutive model (Benz
2007) is employed for the 3D FE calculations. The HSsmall model is based on the
Hardening Soil model (Schanz et al. 1999). Two additional soil parameters are
employed to allow for stiffness variation with strain, the small-strain shear
modulus (Gy) and the shear strain level (y0.722) at which the secant shear modulus
(Gy) 1s reduced to about 72.2% of Gy. These two additions make the model
appropriate for modelling cases where an effective-stress approach is desired, and
the soil behaviour at small strains is thought to be critical.

Drained soil conditions are employed for the 3D numerical analyses in sand. A
very dense sand profile is assumed, with relative density around 90%. The
empirical relationships proposed by Brinkgreve et al. (2010) are used to derive the
material parameters. The saturated unit weight is selected equal to 20.0 kN/m?.
Tab. 3 gives the values for the material parameters of the HSsmall model.
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Tab. 3: Material parameters for the HSsmall model
Material parameter Symbol | Unit Value
Secant stiffness in standard drained triaxial test | Eso™® kN/m? | 54000
Tangent stiffness for primary oedometer Boed® | kN/m? | 54000
loading
Un/reloading stiffness from drained triaxial test | By kN/m? | 162000
Power for stress-level dependency of stiffness | m - 0.5
Reference shear modulus at very small strains | Go™f kN/m? | 121200
Threshold shear strain Y0.722 - 1.1-10*
Effective cohesion c’ kN/m? | 0.1
Effective friction angle (0} degrees | 39.0
Dilation angle 1} degrees | 9.0
Poisson's ratio for unloading-reloading Vur - 0.2
Reference stress Pref kN/m? | 100.0
Failure stress ratio Rr - 0.89

4.4 Results

The CM1 of the clay soil profile is used as a typical calibration case to present the
raw soil reaction curves obtained from the numerical 3D analysis. Fig. 4(a)
displays the lateral soil reaction curves while Fig. 4(b) presents the moment soil
reaction curves, at four arbitrary selected depths. Fig. 4(c) and 4(d) provide the
lateral shear and the moment reaction at the base of the pile. The parameterised
soil reaction curves (dashed lines), obtained from the calibration of all eight
calibration models (see Tab. 1), are plotted on top of the raw soil reaction curves
(solid lines). The parameterised soil reactions should not necessarily match the raw
soil reactions to provide a good match in the overall response, as can be seen in
Fig. 5(a).

Fig. 5(a) and 5(b) illustrate the comparison between the results of the calibrated
1D model and the DC 3D FE model, for the idealised clay and sand soil profiles
accordingly. The obtained match is very good regarding both the initial stiffness
and the ultimate load capacity.
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Fig. 4: Comparison between the raw soil reaction curves (solid lines) from the
CM1 3D FE model and the parameterised soil reaction curves (dashed lines)
obtained from the calibration of all eight 3D FE models, in clay, for (a) the
distributed lateral soil reactions, (b) the distributed moment, (c) the base shear
reaction and (d) the base moment
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Fig. 5: Comparison between the results of the calibrated 1D model and the DC 3D
FE model, for the idealised (a) clay and (b) sand soil profile
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5 Conclusions

The PISA research project yield an innovative design methodology, intending to
improve current design practice for monopiles with the low length-to-diameter
ratios. A new design tool has been developed to incorporate this state-of-the-art
design process. Various aspects of the new design philosophy are discussed in this
paper. Two separate case studies, involving idealised clay and sand soil conditions,
are employed to verify the design method. Eight 3D FE calculations are used to
calibrate a 1D FE design model. The latter is used to predict the lateral response
of'a monopile which is assumed to comply with the final design case. The obtained
response is compared with a 3D calculation, and the results indicate a very good
match. The calibrated 1D model provides a robust and efficient means of
conducting the final design calculations, indicating the beginning of a new era for
the current design practice.
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